Introduction
Osteoarthritis (OA) is a chronic, degenerative joint disease characterized by cartilage destruction, joint space narrowing, osteophyte formation, and subchondral sclerosis. The damage to the articular cartilage causes progressive injury and loss of joint function 1 . This can cause severe morbidity and places an economic burden on society. The most commonly affected peripheral location is the knee joint 2 . The exact mechanism of OA is unknown, but the main factor in its development is thought to be cartilage damage due to chronic inflammatory processes triggered by proinflammatory cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor α (TNF-α) 3, 4 . Most OA treatments consist of symptom-modifying agents. The most commonly ordered medications are non-steroidal anti-inflammatory drugs (NSAIDs), which have the potential to increase cartilage destruction by inhibiting cartilage matrix synthesis 5 . The search continues for an effective drug that is capable of preventing, stabilizing, and reversing the development of OA with minimal side effects and low cost.
Recent medical trends have focused on natural alternatives over synthetic chemicals, and several natural nutrients may play an active role in preventing the development of OA when administered orally or intra-articularly [6] [7] [8] . Among these is Nigella sativa (NS), also known as black cumin, a member of the Ranunculaceae that has been safely consumed for thousands of years. Intraperitoneal and intra-articular applications have been demonstrated experimentally, in addition to its oral and topical usage of NS oil possess proven anti-neoplastic, anti-bacterial, bronchodilatory, hypotensive, hypolipidemic, antidiabetic, and hepatoprotective properties [11] [12] [13] . Anti-inflammatory effects for NS oil have been reported, and thymoquinone (TQ), an active metabolite of NS oil, has been shown to reduce the TNF-α and IL-1β levels in a rat model of arthritis 14, 15 . In this study, we evaluated the chondroprotective effects of NS oil administered by intra-articular application in rabbits with knee osteoarthritis created by anterior cruciate ligament transection (ACLT).
Materials and methods

Animals
As permitted by the ethics committee, 20 mature (5-7 months old) male New Zealand white rabbits weighing 2.5-3.0 kg were provided by the Laboratory Animal Center of Abant Izzet Baysal University (Bolu, Turkey). The animals were housed in separate metal cages and allowed free access to solid food and distilled water under a natural lightdark cycle. This study was performed in accordance with the guidelines for animal research of the National Institutes of Health (NIH, Bethesda, MD, USA) and the 3R principles of the EU directive, and was approved by the Laboratory Animal Ethics Committee of Abant Izzet Baysal University (Bolu, Turkey; no. 2017/21).
Reagents
NS oil was produced by cold-pressing fresh seeds without the use of chemicals (Origo, Gaziantep, Turkey). The oil was sterilized by filtration through a 0.22-µm filter (Millipore, Bedford, MA, USA). The various components of NS oil are known to act synergistically. We therefore found it expedient to employ the whole oil of the seeds rather than isolated components, which have been frequently used in previous studies 11 .
Surgery
The animals were sedated with an intramuscular injection of 10 mg/kg xylazine (Rompun, Bayer), and anesthetized with 50 mg/kg ketamine hydrochloride (Ketalar, Pfizer Warner Lambert) 5~10 minutes after the sedation onset. Maintenance of anesthesia was mediated by pinching the skin and fingers; additional ketamine hydrochloride was injected intramuscularly when necessary. Their right knees were shaved and disinfected with polyvinyl iodine (Betadine, Eczacıbaşı, Turkey), and a longitudinal incision was made in the skin from the superior pole of the patella to the tibial tuberosity. After a medial parapatellar arthrotomy, the anterior cruciate ligament was visualized and transected (ACLT) with a surgical blade ( Figure 1) . A positive anterior drawer test confirmed complete rupture of the ligament. After irrigation of the joint space with physiological saline solution, the medial retinaculum was repaired and the skin was closed separately. The animals were allowed unlimited postoperative activity within their cages. After the operation, the animals were numbered and then assigned to two equal groups of 10 each by simple random sampling using a random numbers table.
The NS group received intra-articular injections of 0.3 ml of NS oil once a week for 5 weeks, beginning 3 weeks after the operation. The control (C) group was given intra- articular injections of 0.3 ml of physiological saline solution on the same schedule. The injection volume of 0.3 ml was chosen based on the volumetric capacity of rabbit joints, as determined by previous studies 16 . The same investigator administered all injections, and no sedation was needed during the injection procedures. In the ninth week after the operation, the rabbits were given intramuscular anesthesia with xylazine and ketamine before being sacrificed with highdose intravenous thiopental sodium (Pentothal, Abbott).
Morphological evaluation
The rabbits' distal femurs and proximal tibiae were harvested after sacrifice. Each specimen's articular cartilage was stained with India ink. A gross morphological assessment (GMA) was performed of the knee joints in a blinded fashion using the scoring system described by Meachim in 1972 17 .
Histological evaluation
The distal femurs of the knee joints were placed in a 10% buffered formaldehyde solution followed by a buffered formic acid solution for decalcification. Sections of 5 µm were obtained from the samples and embedded in paraffin after processing. The sections were stained with hematoxylin-eosin and Safranin O. Histopathological findings were evaluated as described by Pritzker et al., calculating the Osteoarthritis Research Society International (OARSI) grades, stages, and scores 18 . Briefly, the OARSI grades are as follows: 0, normal; 1, intact surface; 2, surface discontinuity; 3, vertical fissures; 4, erosion; 5, denudation; and 6, deformation. The percentage of joint involvement (OARSI stage) was divided into four categories: 0, no OA activity seen; stage 1, <10%; stage 2, 10-25%; stage 3, 25-50%; and stage 4, >50%. The overall OARSI score was calculated for each case by multiplying the parameters of the histopathological grade and the percentage of the joint involvement. The histological examinations were performed in a blinded fashion.
Statistical analyses
Number Cruncher Statistical System 2007 Statistical Software (Utah, USA) was used for statistical analyses. In addition to descriptive statistics, a Mann-Whitney U-test was used to compare binary groups of variables without a normal distribution. A Spearman correlation test was used to determine relationships between variables, and a chi-square test was used to compare qualitative data. A p-value of less than 0.05 was considered statistically significant.
Results
Two rabbits from the NS group died after the first surgical operation. No adverse reaction to surgery was observed in any other rabbits from either group during the experimental period. GMA of the femoral condyles and tibial plateaus after staining with India ink revealed normal joint surfaces (Grade 1; Figure 2A ) in three of eight rabbits (37.5%) and minimal fibrillation (Grade 2) in the remaining five rabbits (62.5%) in the NS group. In the control (C) group, we observed minimal fibrillation (Grade 2) in one rabbit (10%), overt fibrillation (Grade 3) in five rabbits (50%), and bone exposures (Grade 4) in four rabbits (40%; Figure 2B ). There was a statistically significant difference in the macroscopic grading results of the two groups (p=0.001; Figure 3 , Table 1 ). The mean OARSI grade of the NS group was 4.63±1.85 and that of the C group was 4.6±0.97. The difference between the groups was not significant (p=0.581) (Figures 4 and 5) . There was, however, a statistically significant difference (p=0.002) in the OARSI stages of the two groups, with the mean stages of the NS and C groups being 1.5±0.84 and 3.5±0.71, respectively. The mean OARSI scores of the NS and C groups were 9.25±6.21 and 16.1±5.04, respectively, and this difference was significant (p=0.035; Figure 3 , Table 1 ). There was also a statistically significant positive correlation between the GMA scores and the OARSI stages of each group (p=0.027).
Discussion
This study investigated, for the first time, the chondroprotective effects of NS oil administered by intraarticular application in a rabbit knee OA model. The results showed that the use of NS oil has a significant protective effect on articular cartilage. The nutritional components of NS include vitamins, carbohydrates, mineral elements, fats, and proteins containing eight or nine essential amino acids. The fixed oil of NS (32-40%) contains beta-sitosterol, cycloeucalenol, cycloartenol, sterol esters, sterol glucosides, and various unsaturated fatty acids, including arachidonic, eicosadienoic, linoleic, linolenic, oleic, palmitoleic, palmitic, stearic, and myristic acids [19] [20] [21] . The volatile oil (0.4-0.45%) contains saturated fatty acids, nigellone (the only component of the carbonyl fraction of the oil), TQ, thymohydroquinone, dithymoquinone, thymol, carvacrol, α-and β-pinene, d-limonene, d-citronellol, p-cymene, t-anethole, 4-terpineol, and longifolene 19, 20, 22 . Studies have shown that the major component of the essential oil is TQ, which has well known antioxidative, anti-inflammatory, and anticancer activities 14, [23] [24] [25] [26] . Creating an OA model by performing ACLT in rabbit knees is a well-established technique 27 . Cartilage degeneration caused by unstable joints can be observed microscopically 2 weeks after the ACLT, and the progressive gradual postoperative changes that occur in the articular cartilage of ACLT rabbits resemble the progression of human OA 28, 29 . The osteoarthritic changes in rabbit knees usually occur in two distinct phases: an initial degenerative phase (0-8 weeks), followed by a regeneration phase (8-16 weeks) 29 . Based on this typical progression, we began administering intra-articular injections 3 weeks after the ACLT surgery and continued for 5 weeks (through the end of the degenerative phase). The treatment of OA with intra-articular injections is popular worldwide. Analgesics, NSAIDs, steroids, and hyaluronic acid (HA) are commonly administered by injection 30 . Other studies have demonstrated the chondroprotective effects of N-acetylglucosamine and vitamin E in OA 16, 31 . In addition to these genetically engineered materials, some intraarticularly administered elementary nutrients were also found to be effective for OA treatment 32 . In our study, natural NS oil was used; it is relatively easy to use and inexpensive.
Previous studies have largely used the active metabolite of NS oil (TQ) instead of whole NS oil in the treatment of OA. However, the different components of NS oil act synergistically, and experiments using the complete oil may be more likely to produce results 11 . In a recent clinical trial, topical application of NS oil was shown to provide effective pain relief in patients with knee OA, and the authors recommended the use of NS oil as a safe supplement for the elderly 33 . In our study, we used Nigella sativa oil as a whole rather than the isolated TQ component.
Inflammation plays a major role in OA development, and studies have shown that IL-1β is the main determinant of this inflammatory response 34 . There are few studies in the English literature about the chondroprotective effects of TQ in OA. Chen et al. showed that TQ downregulated matrix metalloproteinase (MMP) expression in vitro and reduced cartilage degradation in vivo in an experimental rabbit OA model 9 . In 2015, in an in vitro study, Wang et al. showed that TQ suppressed IL-1β-induced prostaglandin E2 (PGE 2 ), nitric oxide (NO), and MMP synthesis in chondrocytes, inhibiting inflammation and the degenerative process 35 . The results of these two studies suggested that TQ as a promising therapeutic agent for the treatment of OA. In parallel, in our study, the use of whole NS oil instead of TQ was found to protect cartilage from the degenerative process in the early stages of OA.
In this study, although the OARSI grades of the rabbits that were given intra-articular injections of NS oil did not differ significantly from those of the control group, the OARSI stages, scores and GMA results were significantly better. The use of whole NS oil as an intra-articular injection can provide a significant protective effect to articular cartilage, making it an attractive alternative to its active metabolite TQ, the production of which requires considerably greater cost and effort than the production of NS oil.
To our knowledge, this study is the first animal experiment to evaluate the possible chondroprotective effects of whole NS oil, a natural product, administered by intra-articular injection. Despite the importance of this study, it had some limitations. No blood was drawn from the rabbits due to investigational difficulties, and an evaluation of parameters such as markers of cartilage degradation could have provided additional information. This study may set an example for future studies designed to compare the effectiveness of NS oil and its combination with other agents, for example HA and N-acetylglucosamine, in the treatment of OA.
Conclusion
This study verified that the local administration of NS oil into the joint may provide a promising new lead in the search for effective osteoarthritis treatments.
